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Abstract La1.5Ba0.5CoMnO6 is a re-entrant cluster
glass material exhibiting a robust negative exchange
bias (EB) effect even after being cooled from an unmag-
netized state down to low temperature in zero magnetic
field. Here we thoroughly investigate this phenomena by
performing magnetization as a function of applied field
[M(H)] measurements at several different temperatures
and maximum applied magnetic fields (Hm). The spon-
taneous EB (SEB) effect is observed below 20 K, and
shows a maximum value for Hm = 75 kOe. The effect is
greatly enhanced when the M(H) curves are measured
after the system is cooled in the presence of a magnetic
field. The asymmetry of the M(H) curves here inves-
tigated can be well described by a recently proposed
model based on the unconventional relaxation of the
SG-like moments during the hysteresis cycle.
Keywords Exchange Bias · Spin-glass · Double-
perovskite
1 Introduction
There is a great interest in the exchange bias (EB) effect
due to its potential applicability in high-density mag-
netic recording, giant magnetoresistance and spin valve
devices. Conventionally, the unidirectional anisotropy
(UA) across a ferromagnetic (FM)-antiferromagnetic
(AFM) interface is set by cooling the system in the pres-
ence of an external magnetic field (H) [1]. Conversely,
for the spontaneous EB (SEB) effect, the asymmetry
in the hysteresis loop is observed at low temperatures
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(T ) even after the system is cooled in zero H [2,3,4,
5]. For many of the materials presenting this recently
discovered phenomena the presence of a re-entrant spin-
glass (RSG) state, where a spin-glass (SG)-like phase is
concomitant to other conventional magnetic phases [6],
seem to play a key role [7,8]. In this context, the double-
perovskite (DP) compounds are prospective candidates
to exhibit SEB since its intrinsic structural disorder
usually lead to competing magnetic interactions and
frustration, the key ingredients for the emergence of
SG-like behavior [6].
From the SEB materials discovered so far, the great
majority are perovskites [3,5,9,10,11,12]. The La1.5Sr0.5CoMnO6
(LSCMO) DP stands out as presenting the largest SEB
already known [11], whilst for the sister compound La1.5Ca0.5CoMnO6
(LCCMO) the effect is very subtle [12]. Although the
presence of SG-like phase is stablished as requisite for
the observation of the phenomena in LSCMO, LCCMO
and other related compounds [7,8], the microscopic mech-
anisms responsible for it are not completely known yet.
It is not clear, for instance, why similar compounds as
LSCMO and LCCMO exhibit such different SEB ef-
fects, and also why the phenomena is not observed for
some other RSG DP compounds. In order to get insight
on this questions, a detailed investigation of new SEB
materials is necessary.
In this work we thoroughly investigate the mag-
netic properties of La1.5Ba0.5CoMnO6 (LBCMO) DP
by means of several magnetization as a function of H
[M(H)] measurements, performed at different tempera-
tures and maximum applied H (Hm). Our results show
that La1.5Ba0.5CoMnO6 presents a robust SEB effect
below 20 K, although not as large as that observed
for LSCMO. There is a great increase in the shift of
the M(H) curves when the system is cooled in the
presence of a magnetic field, with the conventional EB
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(CEB) effect getting larger as the cooling field (HFC)
increases up to ∼40 kOe, after which there is a ten-
dency of saturation of the effect. We checked wether a
recently proposed model, based on the pinning and re-
laxation of SG-like moments during the M(H) cycling,
can describe the EB effect in LBCMO, and the results
show a very good adequacy between the theoretical and
experimental data. The EB effect of LBCMO is com-
pared to that of LSCMO and LCCMO and discussed
in terms of the structural and magnetic particularities
of each compound.
2 Experimental details
Polycrystalline LBCMOwas synthesized by conventional
solid-state reaction, as described elsewhere [13]. It grows
in rhombohedral R3¯c space group. TheM(H) measure-
ments were performed in both zero field cooled (ZFC)
and field cooled (FC) modes using a Quantum Design
PPMS-VSM magnetometer, at an H sweep rate of 30
Oe/s. Prior to the ZFC experiments it was given a par-
ticular care to eliminate any small trapped field in the
magnet, with the sample being demagnetized with oscil-
lating field at room temperature from one measurement
to another.
3 Results and Discussion
Due to the presence of Co2+/Co3+ and Mn3+/Mn4+
mixed valence states in LBCMO, it shows two FM tran-
sitions at 186 and 155 K attributed respectively to the
Co2+–O–Mn4+ and Co3+–O–Mn3+ superexchange in-
teractions, and an AFM transition at 45 K most prob-
ably related to the Co3+–O–Mn4+ coupling [13]. The
cationic disorder at Co/Mn sites and the competing
magnetic phases lead to the emergence of a cluster spin
glass (CG) phase at ∼ 72 K, making of this a RSG
system [6].
In this RSG system the anisotropic coercivity can
be observed due to the combined action of FM and SG-
like phases. The ZFC M(H) measurements were per-
formed for several T at Hm= 70 kOe, and Fig. 1(a)
shows a representative curve measured at 10 K. There
is not a complete saturation of the magnetization at 70
kOe, due to the presence of a linear H-dependent AFM
phase. The upper inset of Fig.1(a) shows a magnified
view of the first quadrant of the M(H) loop, where it
can be noticed that a stretch of the virgin curve lies
outside the main loop. This is in general related to a
H-induced irreversible magnetization process, and is a
characteristic feature of several SEB materials, includ-
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Fig. 1 (a) ZFCM(H) curve of La1.5Ba0.5CoMnO6 measured
withHm = 70 kOe at 10 K. The upper inset shows a magnified
view of the intersection between the virgin curve and the
second branch of the loop, and the bottom inset highlights
the loop shift toward left. (b) HSEB and HC evolution with
T , where the doted lines are guides for the eye.
ing the LSCMO and and LCCMO sister compounds [2,
4,11,12].
The bottom inset of Fig. 1(a) highlights the shift of
theM(H) curve toward negative field direction, charac-
terizing the SEB effect. The EB and the coercive fields
are respectively defined as HEB = |H
+ + H−|/2 and
HC = (H
+ −H−)/2, where H+ and H− represent re-
spectively the right and the left cutoff fields. Fig. 1(b)
displays the evolution of the ZFC EB field, HSEB, as a
function of T . It is interesting to note that HSEB ini-
tially increases with T , showing a maximum HSEB =
1.65 kOe at 10 K. This is different from the behaviour
found for LSCMO and LCCMO sister compounds, for
which HSEB monotonically decreases with increasing
T [11,12]. A somewhat similar evolution of HSEB with
T is observed for La1.5Sr0.5Co0.4Fe0.6MnO6, BiFeO3-
Bi2Fe4O9 and Mn3.5Co0.5N [3,14], where the increased
thermal energy enhances the alignment of the SG-like
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Fig. 2 (a) Magnified view of the cutoff fields of M(H) loops
carried with different Hm, at 10 K. The arrow indicates the
direction of increasing Hm. (b) HC as a function Hm. The
inset shows HSEB as a function of Hm.
and AFM moments toward the field direction, enhanc-
ing its pinning with the FM phase and consequently
increasing HSEB. In the case of LBCMO, after the lo-
cal maxima at ∼10 K some of the spins get energy
enough to overcome the magnetic coupling as T fur-
ther increases and HSEB decreases up to 20 K, when it
vanishes. Fig. 1(b) also displays the HC evolution with
T . The resulting curve shows a peak at the T -region
of descending HSEB. This is a characteristic feature of
EB systems, where the gain in thermal energy favours
some AFM spins to be “dragged” by the rotating FM
clusters during the H cycling [1], thus confirming that
the effect here described is intrinsic.
We have also investigated the influence of Hm on
the SEB effect. Fig. 2(a) shows a magnified view of
M(H) curves measured at 10 K with different Hm,
where it can be noticed that both the positive and neg-
ative coercive fields increase with increasing Hm. The
SEB effect observed in DP compounds generally results
0 5 10 15 20 25 30 35 40 45 50
0
1
2
3
4
5
6
7
2
3
4
5
6
7
0 15 30 45 60 75
5.2
5.6
6.0
6.4
6.8
H
C
 (k
O
e)
H
C
EB
 (k
O
e)
 HCEB
T (K)
HFC = 50 kOe
 
 HC
H
C
EB
 (k
O
e)
HFC (kOe)
H
C
EB
 (k
O
e)
T = 2 K
Fig. 3 HCEB and HC evolution with T , for M(H) curves
measured with HFC = 50 kOe. The inset shows HCEB as a
function of HFC for M(H) loops measured at 2 K, Hm = 70
kOe.
from a delicate balance between the competing mag-
netic phases present in the system [5,12]. At one hand,
the increase of Hm may act to enhance the FM and/or
SG-like phases which in turn will lead to the increase
of H− and to the consequent increase of HC observed
in Fig. 2(b). On the other hand, a large Hm applied
during the hysteresis cycle may drag the pinned spins
toward the negative field direction when the system ap-
proaches Hm, resulting in the increase of H
+. As the
inset of Fig. 2(b) shows, there is a Hm value for which
the difference between H− and H+ is maximum, re-
sulting in a maxima in the curve of HSEB as a function
of Hm.
There is a great increase in the EB effect when the
system is cooled in the presence of an external field. The
EB field obtained from M(H) curves carried after the
conventional process of FC the sample is herein called
HCEB. Fig. 3 shows the evolution of HCEB and HC as
a function of T for M(H) curves measured at Hm =
70 kOe with a cooling field HFC = 50 kOe. The shape
of the HCEB as a function of T curve is remarkably
different from that observed for HSEB. This is because
the external field favours the pinning of CG and AFM
moments to the FM phase already at high T , resulting
in a very large EB effect. With increasing T , the ther-
mal energy gained get increasingly enough to overcome
the magnetic coupling, resulting in the monotonically
decrease of HCEB with increasing T .
As for other SEB materials discovered so far, the
LBCMO compound presents RSG behavior at low T
[13]. Thus, we have checked whether its UA could be
described by a theoretical model recently proposed to
explain the SEB effect in LCMO and LSCMO [7,8].
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The model is based on the pinning of SG-like moments
and on their unusual temporal evolution under the in-
fluence of the linear varying H during aM(H) cycle. In
a M(H) cycle the magnetization (M) depends on H ,
which in turn depends on time (t). Thus, the hysteresis
curves can be displayed in the form of M as a function
of t [M(t)]. Since the model is based on the temporal
evolution of the magnetization of the glassy magnetic
phase present in the system, the M(t) form of presen-
tation is most appropriate for checking the adequacy of
the model to our results.
Fig. 4 presents the same T = 10 K andHm = 70 kOe
M(H) cycle shown in fig. 1(a), but now displayed in the
M(t) form. t1 and t2 represent the times when H = 0,
while tH− and tH+ correspond to the instants when M
= 0. The main goal of the proposed phenomenological
model is to describe the HEB effect by calculating the
M1 and M2 stretches of the M(H) curve that encom-
pass the H− and H+ coercive fields, respectively. For
theM1 stretch, it is considered that in the time-interval
t1 ≤ t ≤ tH− the SG-like moments are relaxing due to
the positive Hm firstly applied, although the system is
already under the effect of a linearly varying negative
H . Therefore, the equation describing theM1 stretch is
M1(t) = {Msp +M0e
−[(t−t1)/tp]
n
}
− {A(t− t1) +B(t− t1)
r},
(1)
where the first pair of braces represents the magnetic
relaxation of the SG-like phase due to the previously
applied positive Hm, and the second pair of braces ac-
count for the contributions of the AFM and FM phases
toM1 when under the effect of the immediately applied
negativeH . The A parameter is related to the linear de-
pendence of the AFM phase with H (and consequently
with t), while the B and r parameters account for the
non-linear contribution of the FM phase to the magne-
tization [7,8].
Prior to applying Eq. 1 to describe the M1 stretch,
the temporal evolution of the SG-like phase must be
computed. This is done by calculating the parameters
of the first brace of Eq. 1 separately. It must be no-
ticed that the terms in the first pair of braces corre-
spond to the stretched exponential equation that de-
scribes the thermo-remanent magnetization (TRM) of
RSG systems [6,15], where Msp represents the sponta-
neous magnetization of the conventional phase (FM in
this case),M0 is the initial magnetization of the SG-like
phase at the instant t1 when H = 0 [see Fig. 4], and
tp and n are the time and the time-stretch exponen-
tial, respectively. The fitting of the ZFC TRM(t) curve
obtained for LBCMO at 10 K, after an Hm = 70 kOe
being applied and subsequently turned off, is displayed
in the inset of Fig. 4. The best fit yields Msp = 0.218
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Fig. 4 M(t) presentation of the hysteresis loop measured at
10 K, Hm = 70 kOe. Red and green solid lines are the calcu-
lated M1 (Eq. 1) and M2 (Eq. 2) stretches, respectively. The
blue solid line shows H as a function of t. The inset shows
the ZFC TRM curve obtained at 10 K, after H = 70 kOe was
applied and subsequently turned off. The red line represent
the best fit with the first brace of Eq. 1.
µB/f.u., M0 = 0.235 µB/f.u., tp = 8.15×10
5 s and n =
0.164, these values lying in between those observed for
LSCMO and LCCMO [7].
Now the M1 stretch can be fitted by Eq. 1, where
the parameters of the first brace are kept fixed at the
values obtained from the fit of the TRM curve. The
red solid line in Fig. 4 shows the best calculated curve,
resulting in A = 4.87×10−4 µB/f.u., B = 1.96×10
−3
µB/f.u. and r = 0.97.
For the M2 stretch, it is assumed that a part of the
SG-like moments are relaxing due to the negative field
previously applied while the others are still relaxing due
to the firstly applied positive Hm, i.e., they are still
pinned toward the positive direction. This results in
the following equation
M2(t) = −{Msp + xM0e
−[(t−t2)/tp]
n
}+
{(1− x)M0e
−[(t−t1)/tp]
n
}+ {A(t− t2) +B(t− t2)
r},
(2)
where the first pair of braces represents the decay of
the SG-like spins that are relaxing from the negative
field applied before, the second pair corresponds to the
relaxation from the positive field firstly applied, and
the third pair represents the variation in the AFM/FM
phases due to the just applied positive field. All the
parameters of Eq. 2 are kept fixed with the values ob-
tained from the fit of M1, with the exception of the x
parameter that measures the amount of SG-spins that
has been flipped toward negative direction due to the
H cycling.
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The resulting curve obtained from Eq. 2 is displayed
as the green solid line in Fig. 4, which tells that ∼74%
of the SG-like moments are still pinned toward posi-
tive H direction at the M2 patch, resulting in a small
H+ and consequently in a large HSEB. In the case of
M(H) measurements performed after the FC process,
it is expected an even smaller portion of SG-like spins
flipping toward the negative direction during the cycle,
since in this case a positive field favours the pinning of
the spins already from above TC , resulting in the very
large CEB effect observed.
4 Conclusions
In summary, in this work we thoroughly investigated
the EB effect in a polycrystalline sample of LBCMO
DP. This is a RSG material for which the glassy mag-
netic behaviour is manifested at low T as a consequence
of competing Co2+–Mn4+ and Co3+–Mn3+ FM phases
and Co3+–Mn4+ AFM phase. The HSEB = 1.27 kOe
value observed at 2 K, measured with Hm = 70 kOe,
is intermediate between the 3.3 kOe and the 0.25 kOe
values reported for LSCMO and LCCMO, respectively.
This can be understood in terms of the crystal struc-
ture of each compound and the details of the magnetic
relaxation of each sample under the influence of the
varying field at the M(H) cycle. When the system is
cooled in the presence of an external field, the EB ef-
fect is greatly enhanced. The UA set spontaneously in
LBCMO after a ZFC protocol could be well described
by a model recently proposed to explain such effect in
terms of the pinning and relaxation of SG-like moments
during the M(H) cycle.
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